Although zero-index metamaterials (ZIMs) have been extensively studied in electromagnetics, their applications in plasmonics have not been investigated so far. In this Letter, we propose strategies for efficient manipulation of surface plasmon polariton (SPP) flow using anisotropic ZIMs. Through rigorous theoretical analysis backed up by full-wave simulations, we suggest two applications of anisotropic ZIMs in plasmonics, namely, adjusting the phase delay of SPPs and guiding SPPs about a rounded metal corner. The proposed applications of ZIMs may prove useful for plasmonic interconnects in integrated ultra-high speed circuitry. Recent progress in the design and fabrication of artificial materials consisting of sub-wavelength structures termed metamaterials has led to the realization of flexibly maneuvering light almost at will. [1] [2] [3] [4] [5] [6] One of the most interesting branches of metamaterials is to synthesize materials with zero refractive indies. [7] [8] [9] The zero-index metamaterials (ZIMs) were initially studied by Enoch et al.,
10 who suggested that they could be applied to modify the radiation of an embedded source. Since this pioneering work, many fascinating phenomena related to ZIMs have been found and investigated, including squeezing of electromagnetic energy, 11,12 transition from super-reflection to super-transmission, 13, 14 multi-source focusing, 15, 16 phase reshaping, 17, 18 and enhancing optical nonlinearities. 19 Most recently, the experimental realization of low-loss ZIM at optical frequencies was reported, 20 showing great promise for the practical applications of ZIMs.
Surface plasmon polaritons (SPPs) are localized or propagating surface electromagnetic waves in which photons collectively oscillate with free electrons in the interfacing metal. [21] [22] [23] [24] Active control of SPP propagation on dielectric-metal interface is an important issue, whose resolution demands careful thinking and great effort. The recent advances in transformation optics [25] [26] [27] provide a mathematically amenable synthesis strategy to control the propagation of SPPs in various manners. However, the highly anisotropic and inhomogeneous materials required for such transformations are not readily available in nature or easy to fabricate, in essence limiting the practical feasibility of transformation optics for plasmonics. It is therefore meaningful to develop a simpler technique that would enable one to practically realize SPP manipulation using readily available media.
ZIMs have been widely studied in electromagnetics, however, their applications in plasmonics have not been considered so far. In this letter, we introduce anisotropic ZIM (AZIM) into the dielectric-metal plasmonic system to manipulate the propagation of SPPs. Rigorous theoretical analysis backed up by full-wave numerical simulations reveals that AZIM can be used to adjust the phase delay of SPPs while keeping their mode patterns unchanged. It is also suggested that SPPs can be bent smoothly around a curved metal with the assistant of AZIM. Our results open an alternative approach to flexibly control the flow of SPPs, which can be useful in optimizing plasmonic interconnect design in ultra-high speed circuitry.
We start our analysis by deriving the dispersion relation for SPPs traveling along the interface between an anisotropic dielectric and a metal. It is assumed that the semi-infinite dielectric medium ðy > 0Þ has constitutive parameters described by the diagonal tensors: relative permittivity,ê d ¼ diagðe x ; e y ; e z Þ and relative permeability,l d ¼ diagðl x ; l y ;l z Þ; and the metal ðy < 0Þ is characterized by relative permittivityê m ¼ e mÎ and relative permeabilityl m ¼Î, whereÎ is the unitary tensor. Since SPPs propagate in the form of transverse-magnetic (TM) modes, only the in-plane electric field and out-of-plane magnetic field should be considered, which implies that only e x ; e y , and l z are referred. Without loss of generality, we assume that the two media are separated by the plane y ¼0 and SPPs propagate along the x direction with the propagation constant b ¼ b 0 þ ib 00 . Then the magnetic field H j can be written as
where H j is a constant field amplitude, k j is the wave vector component perpendicular to the interface y ¼ 0, and j can be chosen as m or d, which represents the metal or dielectric, respectively. Using the Maxwell's equation r Â H j ¼ Àixe 0êj E j , we find the electric field to be The boundary conditions require the continuity of the tangential components of both the electric and magnetic fields, which yields
Notice that Re k m and Re k d are strictly positive in order to maintain evanescent fields above and below the interface y ¼ 0. Since Re e m < 0, Re e x should be positive to support surface modes. Another Maxwell's equation, r Â E j ¼ ixl 0lj H j , is automatically satisfied for
where k 0 ¼ x=c and c is the speed of light in a vacuum. By solving Eqs. (1) and (2), we arrive at the dispersion relation
and find that
Let us now consider the case when the constitutive parameters of the dielectric have partial or all components zero, namely AZIM or isotropic ZIM (IZIM). From Eq. To illustrate the above analytical observation more colorfully, we employ numerical simulation by full-wave finite-element package COMSOL MULTIPHYSICS V R to look at an example. In the simulations, we assume that SPPs propagate along the air-silver interface from left to right. The dispersion of silver's permittivity follows the Drude model
where e 1 ¼ 6; x p ¼ 1:5 Â 10 16 rad=s, and c ¼ 7:7 Â 10 13 rad=s are obtained by fitting the experimental data. 28 Assume that an AZIM block of width l ¼ 12 lm and height h ¼ 8 lm is placed on the silver surface, as shown in Fig. 1 . The components of the AZIM's permittivity are e x ¼ 1 and e y ¼ 0. We choose l z ¼ 0 in order to make the impedance of such AZIM matching the free space, so that no reflection occurs at the interface between the AZIM and air. In Fig. 2(a) , we show a SPP with free-space wavelength k ¼ 1:55 lm propagating across the AZIM. It is seen that the surface mode travels smoothly through the AZIM and keep the same mode pattern at the other side of the AZIM. Interestingly, the magnetic field inside the AZIM is uniform along the x direction and free of any phase delay or energy loss. Along the y direction, the fields both inside and outside of the AZIM decay exponentially, and the attenuation coefficients in these two cases are almost the same. We would like to note that, in the ideal situation, the height h of the AZIM block should be infinite, so as to guide entire SPP mode. However, since most of the SPP energy is confined to the vicinity of the air-silver interface, it is reasonable to restrict the height h to be a few times of the decay length d d ¼ 1=Re k d % 2:97 lm. For h ¼ 8 lm in our case, more than 99.5% of the mode energy inside dielectric resides inside the AZIM.
In order to make a comparison, we also consider an example in which the block placed on the silver surface is composed of IZIM ðe x ¼ e y ¼ l z ¼ 0Þ. In Fig. 2(b) , we show the magnetic field distribution when a SPP propagating from 2013) left falls upon an IZIM. Similar to the result by Enoch et al., 10 the field observed inside the block comes to be identical in all directions. More importantly, the SPP mode is scattered by the IZIM uniformly in all directions, with wavevectors perpendicular to the boundaries of the IZIM block (left, right, and top). It is seen that the surface wave is no longer tightly bounded to the air-silver interface and the mode pattern is strongly distorted.
As another application, we study the problem of SPPs guidance along a rounded metallic corner. Instead of using inhomogeneous dielectric necessitated by the approach of transformation optics, 25 we will show that a homogeneous AZIM can guide SPPs around a 90 metal corner. Since a surface wave is expected to travel around the metal corner, we suppose the AZIM has e # ¼ 1 and e r ¼ l z ¼ 0, where # and r represent the polar and radial directions, respectively. In Fig. 3(a) , we first show the poor SPP mode bending accompanied by strong radiation losses in the case of mode traveling along the surface of a 90 metal corner (r ¼ 5 lm) without an AZIM. When the AZIM is introduced, the plasmon mode starts bending smoothly around the corner, as shown in Fig. 3(b) . It is seen from this figure that the mode pattern is not distorted and the calculations show that more than 96% of the mode energy transmitted to the bottom plane shown by the red line.
For a practical AZIM, designed using either the concept of metamaterials or natural plasmonic materials such as noble metals, intrinsic absorption is unavoidable and ultimately limits its effectiveness. To investigate the role of loss in our AZIM-based SPP bending system shown in Fig. 3(b) , we introduce an imaginary part id into the constitutive parameters of the AZIM. It is assumed that both e r and l z of the AZIM have the same pure imaginary term e r ¼ l z ¼ di, whereas e # ¼ 1 is kept unchanged. Figure 4 shows the impact of losses on the SPP bending along rounded corners with radii r ¼ 5 lm, 7 lm, and 10 lm. One can see that the SPP energy transmitted through the corner is very sensitive to the losses in this system. In each case, the mode energy decreases exponentially as losses increase. The transmitted energy decreases for metallic corners with larger radii. To be specific, the mode energy reduce to 41.9%, 32.7%, and 22.1% for r ¼ 5, 7, and 10 lm, respectively, when the value of d is as small as 0.01.
The inset in Fig. 4 shows the snapshot of SPP bending for the case of r ¼ 5 lm and d ¼ 0:01. As we can see, no backward field is observed in this case, which implies that the presence of lossy terms in constitutive parameters of the AZIM does not introduce a noticeable impedance mismatch. Although the transmitted surface mode can still keep its field pattern similar to that of the incident mode, the amplitude of the magnetic field reduces dramatically inside the AZIM. One feasible method to overcome this reduction is to dope the AZIM with rare earth ions and pump them to somewhat compensate for the intrinsic losses. 29, 30 In conclusion, we have proposed using AZIMs to steer the flow of SPPs along dielectric-metal interfaces. Theoretical analysis revealed that AZIMs can be employed to adjust the propagation phase delay while preserving the mode patterns of surface waves; the versatility of this conclusion was verified by full-wave simulations. It was further shown that AZIMs can assist in bending SPPs at rounded metal corners with negligible radiation loss. The most striking advantage of our method compared to the analogous bending technique suggested by the transformation optics approach is that only homogeneous AZIMs are required, offering a more practicable approach to flexibly control the propagation of SPPs. Fig. 3(b) . The inset shows the magnetic field of SPPs bending at r ¼ 5 lm and d ¼ 0:01.
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